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Fet3p is a multicopper-containing glycoprotein localized to the yeast plasma membrane that catalyzes the oxidation of Fe(II) to Fe(III). This ferrous iron oxidation is coupled to the reduction of O2 to H2O and is termed the ferroxidase reaction. Fet3p-produced Fe(III) is transferred to the permease Ftr1p for import into the cytosol. The posttranslational insertion of four copper ions into Fet3p is essential for its activity, thus linking copper and iron homeostasis. The mammalian ferroxidases ceruloplasmin and hephaestin are homologs of Fet3p. Loss of the Fe(II) oxidation catalyzed by these proteins results in a spectrum of pathological states, including death. Here, we present the structure of the Fet3p extracellular ferroxidase domain and compare it with that of human ceruloplasmin and other multicopper oxidases that are devoid of ferroxidase activity. The Fet3p structure delineates features that underlie the unique reactivity of this and homologous multicopper oxidases that support the essential trafficking of iron in diverse eukaryotic organisms. The findings are correlated with biochemical and physiological data to cross-validate the elements of Fet3p that define it as both a ferroxidase and cuprous oxidase.
ferroxidase ͉ iron trafficking ͉ metal homeostasis ͉ multicopper oxidase T he link between copper nutrition and iron homeostasis in mammals was first described by Wintrobe and coworkers (1) in the 1950s. Almost all of the manifestations of decreased iron, e.g., ataxia, lowered hemocrit, and reduced mitochondrial function, were replicated in animals limited in copper. These symptoms were associated with loss of the activity of heme and iron, sulfur cluster-containing enzymes. There also existed biochemical markers specific to copper deficiency in these animals, including reduced activity of the serum enzyme ceruloplasmin (Cp) (1) (2) (3) .
Cp was first characterized as a copper-containing enzyme by Holmberg and Laurell (4) , who, based on its ''sky blue'' color, gave the protein its name (caeruleus). Cp is a member of a large family of proteins (Ͼ500 homologs found in all three super kingdoms) known as multicopper oxidases (MCOs). MCOs that contain Ϸ500 amino acid residues are composed of three Greek key ␤-barrel cupredoxin (plastocyanin-like) domains (5) that come together to form three spectroscopically distinct copper binding sites termed type 1 (T1), type 2 (T2), and type 3 (T3) (6, 7) . With Ͼ1,100 residues, Cp differs from Fet3p through duplication of this trimeric cupredoxin assembly (8) . Although it was evident why Cp activity would decline in copper deficiency, it was unclear why iron deficiency would correlate with this deficit. The molecular basis for this link was revealed through a demonstration of an activity toward Fe(II) by Cp not shared by other MCOs known at the time (9, 10) . This ferroxidase reaction catalyzed by Cp is given in Eq. 1.
Frieden and coworkers (9, 10) proposed that Fe(II) oxidation by Cp facilitates the transfer of iron to transferrin and that it was essential for iron trafficking from the intestinal epithelial cells to the liver and extrahepatic tissues. A role for Cp (and its paralog, hephaestin) in iron metabolism is now generally accepted (11) , and the pathology observed in aceruloplasminemic patients is stark evidence for this role (12) . The molecular basis of the Fe(II) specificity exhibited by Cp but not by the other MCO proteins (e.g., several laccases and ascorbate oxidase) has not been fully elucidated, and how this ferroxidase activity is linked to iron homeostasis in mammals remains unclear. However, this copper-iron link was recognized to exist also in Saccharomyces cerevisiae and in this organism was demonstrated to correlate with the activity of the ferroxidasedependent, high-affinity iron uptake complex in the yeast plasma membrane (13) (14) (15) (16) (17) (18) (19) (Fig. 1 ). This complex is composed of the iron permease Ftr1p and the MCO Fet3p, which cotranslocate to the plasma membrane from the secretory pathway. In yeast (and likely all other fungi and plants), environmental Fe(III) is mobilized by the reduction to Fe(II) by surface metalloreductases such as Fre1p, followed by oxidation by Fet3p. This Fet3p-bound Fe(III) is the substrate for permeation facilitated by Ftr1p (15) . Uptake is strictly coupled to ferroxidation, as exogenous Fe(III) is not substrate for Ftr1p. The yeast system has thus provided a tractable model system to test the mechanisms that underlie the copper-iron connection in biology (19, 20) . The 3D structure of Fet3p and supporting functional data presented here provide the framework for the delineation of this fundamental and apparently conserved metabolite trafficking pathway.
Materials and Methods
Protein Expression and Purification. Fet3p was overexpressed in yeast and purified as described (21) . Briefly, a recombinant form of Fet3p is truncated at residue 555 and lacks its C-terminal transmembrane domain. This secreted Fet3p is isolated from the growth medium, purified by ion-exchange chromatography, and digested with endo-␤-N-acetylglucosaminidase H (endo H) to remove high mannose carbohydrate.
Kinetic Analyses. Kinetic analyses of the ferroxidase reaction with ferrous ammonium sulfate (Sigma) as substrate were based on oxygen consumption by using an Oxygraph (Hansatech Instruments, Norfolk, U.K.). This method has been described in detail (22) . All initial velocity, v, versus [S] data were analyzed by direct fitting to the Michaelis-Menten equation by using PRISM software (GraphPad, San Diego). Kinetic analyses of 59 Fe uptake were performed as described (23) (25) .
Screening additives to the crystallization conditions, including known inhibitors of MCO activity fluoride and azide, produced two conditions with minimized crystal twinning, although these compounds were not observed in the final structure.
Data Collection, Structure Determination, and Refinement. Crystals were flash-cooled in liquid nitrogen before x-ray data collection at beamline 19BM at the Advanced Photon Source (Argonne, IL). Molecular replacement trials using laccase or ascorbate oxidase models from the Protein Data Bank (26) were unsuccessful, as were attempts at derivatization of the fragile crystals with heavy atoms. We thus pursued multiwavelength anomalous diffraction (MAD) phasing (27) with the intrinsic copper atoms. A three-wavelength copper MAD experiment was performed, and a 2.8-Å native data set was collected after translating the crystal in the beam after the MAD data collection. Diffraction data were processed with HKL-2000 (28) , and data collection statistics are listed in Table 1 . The native data were scaled by using SCALA, including the anisotropic B factor correction (29) .
Copper positions were determined with SHELXD (30) . The Matthews parameter is Ϸ3.2 Å 3 ͞Da, with 62% solvent content (31) . MAD phasing calculations to 3.1 Å yielded an overall figure of merit of 0.44 (32) . Density modification in CNS, including solvent f lipping (33), was followed by calculation of a 6-fold real-space averaged electron density map by using RAVE (34) . The initial C ␣ backbone trace was constructed from the similar regions of an ensemble of MCO structures [Protein Data Bank entries 1A65 (35), 1AOZ (36), 1GW0 (37), 1GYC (38) , and 1KV7 (39)] superimposed by using DALI (40) . Regions unique to Fet3p were traced in 6-fold averaged 2 F o Ϫ F c and F o Ϫ F c A -weighted (41) electron density maps calculated from iterative model building and refinement. REFMAC (42) , including translation͞libration͞screw (TLS) refinement (43), was used for the later stages. ''Tight'' noncrystallographic symmetry restraint values were applied to each Fet3p monomer in the asymmetric unit, and each Fet3p chain represented a TLS group in REFMAC calculations. Manual model building was carried out in O (44) and completed with COOT (45) . Eleven N-linked glycosylation sites were modeled according to F o Ϫ F c A -weighted electron density maps, and at some of the sites, mannose residues were observed. Refinement statistics are listed in Table 2 . Figures were prepared with PYMOL (46) .
Results
Structure Determination of Fet3p. The Fet3p structure was determined to 2.8-Å resolution by using MAD methods (Table 1) . Producing crystals of a quality suitable for diffraction analysis from the highly glycosylated protein was a challenge. Sequence analysis predicts 13 N-linked glycosylation sites, and SDS͞PAGE . This Cu(I) is transferred to the P-type ATPase Ccc2p, which transports it into the lumen where it activates the apo form of Fet3p. In association with the high-affinity iron permease Ftr1p, Fet3p traffics to the plasma membrane. There, its ferroxidase activity supports the uptake of Fe via Ftr1p. Cells that lack copper also lack iron because of the absence of active Fet3p. , where is the residual lack of closure error and ⌬iso,ano indicates the isomorphous (dispersive) or anomalous structure factor amplitude differences.
revealed that the Fet3p ectodomain migrated as a broad smear at Ϸ120 kDa. Attempts to crystallize this heterogeneous material were unsuccessful. When treated with endo H, the resulting Fet3p protein migrated in a much tighter band centered at Ϸ85 kDa (21). Fig. 5 , which is published as supporting information on the PNAS web site, shows an SDS͞PAGE gel of the Fet3 protein before and after endo H treatment. Crystals obtained from this treated material exhibited partial merohedral twinning; however, conditions were found that eliminated twinning in about half of the crystals in each drop. The untwinned crystals were used for the structure determination (see Fig. 6 , which is published as supporting information on the PNAS web site, and Materials and Methods).
The Fet3p Fold. The Fet3p structure is shown in Fig. 2a , and the elements contributing to the formation of the copper sites are shown schematically in Fig. 2b . Within this tripartite cupredoxin fold, the T1 copper (Cu1) is liganded to side chains contributed solely by domain 3, whereas the trinuclear cluster composed of T2 (Cu4) and T3 (Cu2 and Cu3) copper atoms is found at the interface of domains 1 and 3. Interpretable electron density was observed for the Fet3p polypeptide except for the last five residues of the C terminus, which are part of the linker region connecting the Fet3p ectodomain to the transmembranespanning segment in the native form of the protein.
Eleven of the 13 predicted N-linked sites are posttranslationally modified, and 5 of those 11 sites are fully digested by endo H, leaving one N-acetyl-D-glucosamine residue attached. Mannose branches are observed in the electron density for some sites, and they interact with the protein surface in some cases (see Fig. 7 , which is published as supporting information on the PNAS web site). Three fully digested glycosylation sites are involved in contacts within or between asymmetric units, suggesting that endo H digestion was critical to producing this crystal form. Electrospray mass spectrometry analysis of this Fet3p preparation showed it to contain 15% (wt͞wt) residual carbohydrate (21) .
The Trinuclear Copper Cluster. Fig. 3a shows the trinuclear cluster (the T2 Cu and the binuclear T3 pair) superimposed on A -weighted electron density. Although harvested Fet3p crystals are blue, indicating the oxidized state of the T1 copper atom, the crystals become colorless and reduced within 30 -60 s in the x-ray beam. This conclusion is supported by the observation of a 5.1-Å Cu2-Cu3 distance in the binuclear T3 cluster and by the absence of electron density attributable to a bridging oxygen typically observed in oxidized forms of other MCO proteins. A similar finding was observed in the structure of the reduced trinuclear cluster in ascorbate oxidase (47) . Analysis of the f luorescence spectrum from the Fet3p crystals reveals a shoulder at the midpoint (at Ϸ8,985 eV, see Fig. 8 , which is published as supporting information on the PNAS web site) and a second shoulder at the Cu K absorption edge, a spectrum quite similar to that obtained in extended x-ray absorption fine structure studies on a reduced form of Fet3p that contained only the T3 binuclear pair (48) . A preedge feature at 8,983-8,985 eV has been assigned to the 1 s 3 4 p z plus ligand transition at Cu(I) (49) .
Substrate Targeting and Reactivity. Electron transfer from the reducing substrate occurs at the T1 Cu(II) center in MCOs, whereas the four-electron reduction of dioxygen to 2H 2 O occurs at the trinuclear cluster composed of the T2 and T3 copper atoms (7, 50) . The Fet3p T1 Cu is coordinated by H413, C484, and H489 in a roughly trigonal planar geometry (51, 52) . As in many of the laccases, the Fet3p T1 Cu lacks the fourth ligand that confers the more trigonal pyramidal coordination geometry found in hCp because of the ligation to the thioether sulfur of M1031 (8) . In Fet3p, the side chain of L494 is oriented toward this fourth, apical T1 Cu coordination site preventing occupancy by a donor ligand.
The specificity for Fe(II) as substrate can be inferred from the array of potential iron ligands immediately adjacent to the T1 copper center, and this putative iron binding site is shown in Fig.  4a . Potential iron binding residues include E185, D283, and D409. A similar collection of acidic residues is observed adjacent to the ferroxidase site in hCp, and these have been described as providing a ''holding site'' for the Fe(III) product of the ferroxidase reaction. In soaking experiments, this site in Cp was demonstrated to bind transition metals (53) . Kinetic and spectroscopic studies have shown that E185 in Fet3p contributes to Fe(II) binding, the intermolecular electron transfer from Fe(II) to the T1 Cu(II), and iron uptake via the Fet3p͞Ftr1p complex (23, 54) . Table 3 summarizes kinetic data on ferroxidation and iron uptake for the E185A, D283A, and D409A mutants that strongly support the inference that this trio of oxygen-containing side chains is an essential contributor to the iron binding [K M for Fe(II) in ferroxidation] and trafficking site on Fet3p (V max for 59 Fe uptake).
As in other MCOs, the two His ligands coordinate the T1 Cu via their N␦ 1 pyridine nitrogens. What is striking is that the N2 pyrrole NH groups of H413 and H489 appear to be hydrogenbond donors to D409 and E185, respectively (Fig. 4a) . This feature is similar to the apparent hydrogen bond between E272 and H1026, one of the ligands to the T1 Cu in domain 6 of hCp (8) . No such hydrogen-bonding network is apparent at the T1 Cu sites in any of the laccases. The overlay of Fet3p and Trametes versicolor (Tv) laccase (55) structures shown in Fig. 4b illustrates this difference. In particular, the laccase structure lacks the carboxylate side chains found in Fet3p. Electron transfer data for both hCp and Fet3p indicate that the carboxyl-imidazole hydrogen bonds are part of the electronic coupling pathway that supports the outersphere, intermolecular electron transfer from Fe(II) to the T1 copper ion (51, 54) . Electron transfer from organic reductants like hydroquinone in other MCOs, e.g., Tv laccase, is likely coupled by a direct H bond from the reductant to a coordinating histidine imidazole at the T1 Cu. The overlay shown in Fig. 4b demonstrates also how in Tv laccase substrate has direct access to these imidazoles and suggests that the carboxylate-coupled electron transfer pathway inferred for Fet3p is specific to the ferroxidase reaction and therefore an (51, 54) . Fet3p and hCp can also act as cuprous oxidases. Kinetic data indicate that this reaction occurs at the same site that supports ferrous iron turnover (22) . This cuprous oxidase activity is essential for the resistance that yeast exhibit toward the toxicity coming from elevated copper levels in the environment (24) . Fet3p does appear to provide possible Cu(I) ligands, most notably M281 and M345 (Fig. 4a) . The bacterial cuprous oxidase CueO also uses methionine residues as Cu(I) ligands, although they are unlike those in Fet3p in that they come from a structurally distinct methionine-rich ␣-helix adjacent to the CueO active site (56, 57) . Fet3p M345 is conserved in the sequences of 10 of the 11 archived fungal Fet proteins. The K M for Cu(I) but not for Fe(II) increases by Ϸ2-fold for Fet3p(M345A), consistent with the hypothesis that this residue contributes to cuprous ion oxidation (C.S.S. and D.J.K., unpublished work).
A feature of the MCO T3 site related to dioxygen turnover is the presence of an acidic side chain that appears to tether (by a hydrogen bond) a water molecule at the T2 Cu. This hydrogenbonding network appears essential to the H ϩ transfer(s) that are coupled to dioxygen reduction (50, 52, 58, 59) . This water molecule ligand to the T2 Cu was not observed in the Fet3p structure, possibly because of the relatively low-resolution limit of the x-ray diffraction data. In Fet3p, this acidic side chain comes from D94, and Fig. 3b reveals that it is placed at the trinuclear cluster 5.5 Å from the T2 Cu and 3.4 Å from the N␦ 1 (noncoordinating) atom of H81, one of the two T2 Cu histidine ligands. Furthermore, the structure shows that D458 has a comparable conformational relationship to the T2 Cu and its other ligand, H416, suggesting that both acidic side chains may contribute to oxygen binding and turnover at the T2, T3 cluster.
Discussion
Correlating Function with Structure. There are more site-directed mutants of Fet3p described than for all other MCO proteins combined. Residues targeted for mutagenesis through sequence homology and͞or homology modeling fall into three groups. First are substitutions at ligands to one or more of the Fet3p copper atoms. These result in Fet3p proteins that are depleted of one or more of the copper atoms: Fet3p(T1⌬), Fet3p(T2⌬), and Fet3p(T1⌬͞T2⌬) (48) . In these Fet3p mutants, the remaining copper sites are spectroscopically like WT although the proteins themselves are inactive as oxidases. The inference that the residues mutated are copper ligands is confirmed by this structure.
The second group includes D94, a residue postulated to be at or near the T2 Cu through homology to the structure of ascorbate oxidase. Additionally, this residue was proposed to act as an acid catalyst of dioxygen turnover at the trinuclear cluster (52, 58) . Indeed, kinetic and spectroscopic characterization of D94E and D94A mutants of Fet3p has provided support for this hypothesis (59) , and the structure confirms this assumed conformational relationship between D94 and Cu4. The demonstration that D458 is related to D94 by a symmetry dyad suggests that these two residues are both potentially part of a hydrogenbond, H ϩ -transfer network that supports the coupled proton͞ electron transfers to O 2 and its reduction intermediates (Fig. 3b) .
The third group of mutants is the largest and includes residues suggested to be part of the structural motifs that provide the specificity toward Fe(II) as the substrate. Askwith and Kaplan (60) targeted E227, D228 and E330, but all of the alanine mutants at these positions retained oxidase and iron uptake activity (60) . The Fet3p structure places these residues on the protein surface, distant from both the T1 and trinuclear sites. Two groups have investigated the activity of mutants constructed at E185 and D278 (and Y354) (23, 61) and to these we add D283 and D409. All of these were placed at or near the T1 Cu by homology modeling, and the structure reveals that the side chains of E185, D283, and D409 are oriented toward the T1 Cu, whereas the side chains of D278 and Y354 are not. However, all of these residues are part of the water-accessible (Connolly) surface of the protein, ensuring access from bulk solvent. A previous modeling study led to the proposal that D319 and D320 are part of a solvent-exposed, negative patch involved in Fe binding (62) . In fact, these residues are part of an electrostatic ''zipper'' where the two carboxylate side chains are in salt bridges with the side chains of R463 and R427, respectively. Fet3p(D320A) is retained within the cell's endoplasmic reticulum, most likely because it fails to properly fold (C.S.S. and D.J.K., unpublished work).
The functions of E185, D409, and D283 can be one or more of the following: Fe(II) binding, electron transfer coupling, or Fe(III) trafficking to Ftr1p. Kinetic data indicate that E185 and D409 participate in all three processes (Table 3) (23, 54) . Regarding electron transfer from bound Fe(II) to the T1 Cu, the structure allows for the estimation of the electronic matrix coupling (outersphere electron transfer) into this Cu(II) via the E185-H489 and D409-H413 pathways. The efficiency of this coupling was calculated by using the PATHWAYS program (63) . The analysis suggested decay couplings for the two routes of 0.024 and 0.012, respectively. For comparison, the primary electron transfer pathway into Cp from Fe(II) is characterized by a decay coupling of 0.028 (54) . Given the rate of outersphere electron transfer from Fe(II) to the T1 Cu(II) in these two proteins (Ͼ1,200 s Ϫ1 ), these pathways are quite efficient (51, 54) . The prediction of two electron transfer pathways in Fet3p of comparable efficiency is a unique finding for MCOs that likely underscores a principal contribution to the ferrous iron specificity of this and the other fungal enzymes linked to iron trafficking.
In addition, the increased K M for Fe(II) in ferroxidation for the alanine mutants at positions E185 and D409 indicates that both residues participate in the binding of Fe(II) ( Table 3) (23, 54) . The 1,000-fold decrease in affinity for Fe(II) for the E185A͞D409A double mutant is compelling evidence for this conclusion. However, the most striking phenotype of these mutations, along with the alanine substitution at D283, is the strongly reduced iron uptake in vivo (Table 3 ). This finding suggests that all of these residues function in the trafficking of Fe(III) to Ftr1p, and their surface exposure positions them to contribute to this pathway. Studies on Ftr1p have identified a DASE motif in an exocytoplasmic loop in this permease that is also likely to be part of this pathway (64) . Together with the three acidic residues in Fet3p, D246 and E249 in Ftr1p are required for high-affinity iron permeation in the Fet3p͞Ftr1p complex.
Distinguishing Ferroxidases from Laccases. The largest genus in the MCO family includes those proteins composed of three cupredoxin domains of Ϸ500 residues. In bacteria, fungi, and plants, this group includes the laccases and Fet3p homologs. What functionally distinguishes these species is the reactivity with Fe(II) exhibited by the ferroxidases. The Fet3p structure provides insight into the structural elements that distinguish the members of this MCO domain type. In Fig. 4b , Tv laccase is used for illustration where the protein fold surrounding the T1 Cu is superimposed onto the T1 Cu site in Fet3p (38, 55) .
Although the folds of these two MCOs are similar, there are differences in the structural motifs that frame the T1 Cu site. First, a loop in domain 2 of Tv laccase including residues 162 FPL 164 provides one side of the binding site for an aromatic amine (or hydroxyl) substrate (55) . In the laccase-substrate complex, the substrate heteroatom forms a hydrogen bond with the N2 pyrrole nitrogen of one of the His ligands to the T1 Cu(II), which likely represents the electronic matrix coupling pathway for the intermolecular electron transfer from reducing substrate to the T1 Cu(II). In Fet3p, this loop is longer, extending into the channel found in Tv laccase within which the large, hydrophobic substrate binds. In Fet3p, this loop is relatively hydrophilic and it is here that E185 resides (Fig. 4) . As discussed, E185 is one of two residues in Fet3p involved in Fe(II) binding, intermolecular electron transfer, and Fe(III) trafficking to Ftr1p. The second feature distinguishing the laccase from the ferroxidase is a difference found in a loop of domain 3. In Tv laccase, this loop contains small and͞or nonpolar residues, whereas in Fet3p it extends into the channel and contains D409, the other acidic residue critical to the three functions required of a ferroxidase. An additional difference is found in a second domain 2 loop that in Fet3p includes D283, the third residue linked to Fe(II) binding and Fe(III) trafficking. This loop is lacking in Tv laccase where the connectivity from ␤-strand to ␤-strand is relatively short and does not extend into the crevice in which the bulky aromatic substrate binds. A final difference in Fet3p is found in the strand containing M345. As mentioned, M345 is likely to be important to the cuprous oxidase activity exhibited by Fet3p. These differences are so clearly related to the specificity differences exhibited by the two proteins that one could easily and rationally propose to convert one into the other.
